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This pépar presents the results of an investigation of
wind ‘tunrlml wall interference in & two-dimensional wind tunnel
at high Mach numbers. The results are presented in the form of
curves of 1ift coefficient versus the ratioc of model chord %o
tunnel height, as functions of Mach number and angle of attack.,
The investigeation was carried out by the authors at the
Guggenhein Aeronautioal Laboratory of the Calif'ornis Institute

of Technology during the school year 1944-45.

Tests were carried cut on the NACA low drag airfoil
section 65,1-012 at Mach numbers from .60 to .80, and angiu of
ettack of from 1 to 3 degrees. Models were of 1", 2", 4" and 8"
chord, giving values of the chord to tunnel height ratic of .1
to +6. Schlieren photographs were made of shock waves whers

they occurred..
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INTRODUCTION

Many attémpts have been made to determine wind tunnel
interference affects at high Mach numbers using a pxalyitheoretiéal
approach. It was felt that an experimental investigation might
also be of wvalus, if not guantitatively, et least qualitatively,

to indicate the general nature of these effects.

4 complete systematic investigation involves a considerable
number of parameters, measurements, and caloulations, all of which
require more tims than was avallable for this investigation,
Therefore, tests were restricted to one airfoll ssction, the NACA
symmetrical low érag section 65,1-012, varying only chord length,

Mach nﬁmber, and angle of attack.

The geﬁaral approach to this problem waas to show thé

© varietion in C; versus the non-dimensional parameter o/h, for
several Mach numbers and angles of attack. By extrapolation to
c/h = O, corresponding to h seo, the free¢ stream values of €y, were

obtained for comparison.

‘Since one of the limitations of the equipment was the
acouracy of the angle of attack settihg,'recoursa was made to\
incompressible theory in order to establish a uniform criterion

for the angle of attack.

Schlieren photographs were taken in all cases where shock

waves existed, principally to indicate the sxtent of the shock
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wave and the possibility of tunnel blocking.

-

These investigations were conducted at the Guggenheim
Aeronautical Laboratory of the California Institute of Tech-

nology during the school year 1944-45.
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EQUIPMENT

The tunnel is described in detail in Ref. 1, and is shown
in Fig. 1A. It is a closed throat, open return, induotion tunnel,
cepable of reaching a Mach ‘munber of (BL with no model Iastalled,
The jets are located in a rectangular section downstream of the
test section and ars followsd by a constant area mixing section
whioh discharges into the diffuser. Filters are installed et the

sntrance and exit sections of the tunnel..

Air is supplied to the jets by two rotary, positive dige
placement type compressors in series, capable of dalivéring 3
pressurs of 100 1bs/in®. A remotely controlled by-pass valve
enables @nura.te control of the pressure delivered to the Ltunnel.

This in turn allows precise speed adjustment,

The tolt'lcotiox; is rectangular, ons inch wide by ten
inches high, and twenty inches long. The side walls are of
3/4 inch plate gless, gasketed tc the structure. The top and
bottom walls are huninnted phonolio‘resin blocks with 23 flush
static pressure orifices in each. The orifioces cover 17 inches of
the blocks and are spaced % inch apari; in the region of the model,

and one inch apart elsewhere. The test section is tapered in the

one inch dimension from 0,900 inches at the entrance to 1.000

inches at the exit, to allow for boundary layer growth,

The model is supported at its 25% chord point in the

center of the test section by a through bolt which is held by
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tnnmidns inserted in oblong slots cut in the glass. The model
is gasketed to tho glass and to the trunnions. The trunnions and
the modsl are held together by the through boli-; which is set up
with nuts at each end, thus fixing the model position with respect
to the trunnions. S8ince the trunnions cannot rotate in their ob-
long slota, restraint is exercised on the meodel. It is also
reatrained from rotation by pressure exerted upon it by the glass

gide walls when they are tightened in place.

The models used in this investigetion are of the NACA
66,1-012 low drag section. They are of 1", 2", 4", and 6" chord,

machined from brass te tolerances of 001",

The wall block static pressure orifiices were connected to
a closed system nmlﬁiple manomster containing butyl alcohol when
possible, and aoatylohe tetrabromide (,Sp; Grav, 2.98) when a
higher specific g;ravi_tsr fluid wes required. An orifice heving a
}olatively posi'tive pressurs was connected to tha reservolr and
used as & reference. A mercury manometer vented to the atmosphere
was connected to the orifices used for determining free stream

pressure and hence Mach number.

The optical grstem consists of standard schlieren squipment,
and was used fo; via}xal and photographic observations. An incan-
descent light source employing a projection type bulb was used for
visual observation. A high intunsitf spark giving en exposure time

of the order of 10~% seconds was used for photographic purposes.
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Relative humidity was measured for each series of runs

using & wet and dry bulb hygromster.
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PROCEDURE

The préjoct included the setting up of the wind tunnel in
a special room which was so narrow that a modification of the for-
mer optical system was required. This involved redesign of the
light system to maintain a proper length of light path. To maine
tain propsr distances it was nesessary to bend the light by
introducing plane mirrors into the system. Incidental to this
redesign & more powerful focusing lens was installed for the
photographic apparatus. The entifa system as modiried is shown
. schematically in Pig. 1B, and can bes seen in the photogrephs of
~Flg. lA. Work required to accomplish the above included the design

of mirror and prism mounting brackets and holders.

Prior to the actual calibration of the tunnel, it was found
that the pressure distribution along the tunnel wall blocks was
quite uniform except at the leading orifice. By the second orifice
from the entrance, both top and bottom, the flow had stabilized.
Thaée orifices, therefore, were connected to the mercury manometer
to determine 'p of the free stream. Using the relationship

P ﬂ'-— i 2 L v )

—— ( |+ 2— M =¥

o z :
e scale was made to read Mech number directly for each pressurse.
‘The area contraction ratio from the entrance filter to the test
section being 60, the pressure drop across the filter was negligi-
ble. This was proved by the fact that the indiocated Maoh number
did not change with removal of the filter during operation. Since

it wag desired to use the average of top and bottom pressures for
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a more representative free stream reading, the scale was mounted
on the manometer board between the tubes indicating each of these
pressures. They did not differ materially, so that it was possi-
ble to avefage them visually and read the Mach number corresponding

to this average.

After the wind tunnel and the optical system had been
successfuily assembled, actual research was begun. Several
ecalibration runs were made, at Mach numbers of .50, .60, .70, and
«80, with no model in the tunnel. Fromlthe date cbtained during
these rune, correction curves were drawn for each pressure

orifice.

Zero degrees angle of attack was determined by trial and
error by measuring 1ift on the six inch airfeil and shifting the
angle of atbtack setting until zerc 1ift was obtained. Using a
ten inch steel rule as a protractor, the zero refsrence setting
was inscribed on the tunnel and additional angle of ettack refer-

ences were computed and located. ) ‘ .

The procedure for setting angle of attatk reguired that
the protractor first be set and then the model adjusted by
visually eligning both the chord line soribed on the model and

the trailing edge of tho model with the protractor.

. The zerc angle of attack setting was checked by ms@auring
the 1ift on the one inch airfoil at that sotting. The agreement

was excellent, as should have been expected.
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For all runs the tunnel wall pressures were recorded for
each orifice. These were actually pressure differences with
respect to a chosen orifice having a relatively positive pressurs,
The rocordqd pressures were reduced toAp/q and the orifice
gorrections a.pi:liod. Yalues of g were computed from the relation
q =}§ ¥’p, where the value of p was the same &s that which deter-
minod M. The curves for upper and lower oriﬁcé blocks were ‘
auper.i.mpbsed in order to measurse the 11ft on the airfoil by the
sron ansinand Debwass Ehn Gurves. T SRS Wers evalustel by

means of a planiﬁtor and 1ift coefficients were calculated in the

usuel menner.

Runs were made on the 1", 2", and 4" chord models et

angles of attack of 19, 29, and 39, and Mach mumbers of .60, .65,
«7T0, 75, and .80. With the six inch model installed, the tunnel
choksd at Mach numbers betwsen .75 and .80, depending on the angle
of attack. It was imposai‘blé, therefore, to reech a Mach number of
.-.80 with this nmodel, but the other corresponding runs were made.
Schlieren pheotographs were taken for each .run in which shook waves
existed. The uaohr number at which the shock waves first appeared

was noted,

0il from the compressor system quiockly filled the room
during each run so that it was necessary to dismantle the test
' seotion and cleen the glass walls freguently. This was held to a

minimum, nevertheless, by rumning at the highest Mach number first
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and taking photographs, if any, while the gluss was relatively
cleen., By the time the glass became clouded, a lower Mach
number had been reached, where no shock waves existed and no

photographs were required.

The one inch airfoil was so thin that its gasket would
not cover the holes in the glﬁn- walls. It was necegsary, there-
fore, %o mask these holes from the outside by means of scotch tape.
This maalcihg obscured all but the trailing edge of the model and
made it imposaible to'detarmina the {irst occurrence oif' the aﬁock
wave, or its extent » until it had progressed beyond the masked

ares.

At the higher valuss of lHach number and angle of attack,
for the four inch and six inch models, individual pressures were
so large that the alcohol head in the mancmeter was insufficient
to baleance them. For these funs, agetylene tetrabromide was sube

stituted for the alcohol as manometer fluid.

The run numbera'un§e assigned guccessively as each run was
made. Because of the shift from slcohol to acebylens tetrabromide
and the necessity of doing.tha higher Mach numbers first, as pre-
viously mentioned, these run numbers do not follow & systemetio
progression and are of usse onl'y in relating the {inal values with

the originel data.
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RESULTS AND DISCUSSION

Values of corrected 4p/q versus dintﬁnoo along the test
section are shown plctﬁed for all runs in Figs. 1 to 57 inclusive.
It will be noted that the curves are smooth, which is a justifi-
cation for the use of an orifice by orifice porrection method.

In some cases the curves do not close at the ends of the orifice
region. This results in & maa;urodylift lower then actual. The
percentage error made in C; is not determinable but the results
should boroompnrable with any tests made, using the wall pressure
method of measuring 1ift. An apperent scatter exists in the '
curves for the one inch airfoil since the aree of influence of
this small choré is so light that the scale of the graph must be
enlarged to a point where the acouracy of thu'roadings themselves

causes ecatter.

Schlieren phctograpﬂa of shock waves where they existed
at test points'are shown in Pigs. 58 - 62. The photographs were
so taken as to show the upper and lower surface of the model and
the top tunnel wall, which appears as the horizontal boundary at
the top of each picturo. This allows cbaervation of the full ex-
tent of the shock wave on the upper surface and the poszition of
the shock wave on the lower surface. Fig. 62 shows an example of
the shock wave extending to the tunnel wall, at whieh point the

tunnel is choked.

The values of G obtained were plotted versus Mach mmber
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and angle of attack in Figs. 63 « 66 and 68 -~ 71 respectively.

Tﬁn latter showed that the values of C; did not lie on a straight .
line themselves, nor did any straight line passing through the
origin appear to approximately satisfy the points. Since the
angles of attack used were small, end the airfoil section is a

‘ symﬁatrioal cne, some linear variation of C; with O\ was to be ex-
pected, even at the high Mach numbers, provided no shock weves were

encountered.

For this réason, an attempt was made to check the angle of
attack by some other means., The procedure adopted utilized known
two-dimensional incowérossible wind tunnel wall correction data
and preserved as sk &k An possible the ‘identity of the experimental
results. Prandtl-Glauert curves were fitted to the curves of CL
versus M, and C; for M ® O determined from the PrandtleGlauert
formula. (See Figs. 63 -~ 66). While the Karman-Tsien method, Ref. 2,
would also have been useful, data on Cp veriation was ﬁot available,

thereby obriating the use of this method.

The free stream slope of ﬁhe 1ift cﬁrve for this airfoil
was obteined from Ref. 5. Using the method outlined in Ref. 4,
offsets from this ourve were obtained to determine the line of cL
v;rsus o for various values of o/h at M = O, Whereas Ref. 4 soﬂ;
cerng itself with the same problem which is here trying to be

determined, the equations therein when used with M = O are merely

incompressible theory. These.curves are shown in Pig. 67.
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Entering the curve for the appropriate c/h value with the
GL for M ® O found from the Prandtl-Glauert extrapolation of test
points, gave values of angle of attack differing markedly fram

those set on the models. These results are listed below:

A get Gy for M 2 0 Ol derived O X
1" chord
1 0092 .80 "‘.20
2 «184 1.60 = o 20
3 0258 2.06 -.94 2
2" chord
1 .064 .55 -;45
2 «150 1.27 - T3
3 '2?1 & 2.28 ".72
4" chord
% 123 .98 =402
2 .202 1.60 -.40
3 «289 2.28 -.72
8" chord
1 «0B0 «BT - o3
2 +198 - 1.40 o B0
3 288 . R.08 -y 9T

The acocuraocy of the aetting of angle of attack in the
tunnel is considered to be within .2 degrees. The sbove results
tend to indicate otherwise. It is believed that the discrepancy
is not entirely attributable to angle of attack setting but thet
the Prandtl-Glauert approximation also is 1nvolvad. Ho;evor, in
order to coordinete the data; the derived angles of attack were

used as obtained. Replotting C; versus A ,, on Figs, 68 - 71,
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gives excellent agreement of the data, being straight 1ines

passing through the origin.

To correlate data between the different chord models,
common values of & 3 were chosen. - These were 3/4°, 1}°, and 21°,
gince these values were not dnly evenly spaced but alsoc were guite

close to the mean of the derived angles obtained.

In shifting the Cy values either ahead or back te the
chosen Oy, it was impossible to determine whether this shift wes
of sufficlient megnitude either to obtain or loae.&hock weves, as
the oase may be. For this reason, the points in which shoocks were
present were kept in the same position relative to thé other points.
It should therefore be understood that this is not to be used as a
gulde in determining the exact angle of attack at which shock waves
occur, but should be used only to obtain gualitative differsnces
between points with shock waves and those without in their behave
ilour so ra;- as wind tunnel wall effect is comverned. It can be
~aosen that 1lift continued to increase wifh inoreasing Mach number even

after the shock wave had formed.

Having reduced Cy, values to ; oo;nnon donbmina_tor in angillol
of attack, curves of C,_ versus c/h for these angles woro. plotted in
Figs. 72 - 74. No attempt was made to draw ourves above a Mach
number of .70, sinoa- this whole approach to the subject is not wvalid
when there is a large supersonic zone of flow or there exists a

shock wave. By extrapolating these surves to a o/h of zers, a
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qualitative measure of wind tunnel interference was obtained.
The curves are all of tho same character and consistently indi-

cate the change to be expected with increasinpg M end 0/11.

In the derivation of these curves, as is explained pre-
viously, every attempt was made to rétain the individuality of
the axperimental points. However, in striving for a common basis
in angle of attack, the quu.n‘bité.tive_valua of the results may
have been deutroye;i. The qualitative value of the results has
been preserved. In applying these results, therefore, to any
similar wind tunnel investigation, they should be used only to
indicate trends rather than exmot correctionas. 1In a‘ completely
similar tumml-thay could possibly be considered to indicate order

of magnitude.

A composite of these curves is given in Fig. 75, by

plotting dcl/da.versul c/h for values of M.

Throughout the whols investigation, no Reynolds number
effect has been included in any discussion of the results. This
effect is not yet vfoll enough undoratobd to epply to an interpre-

tation of experimental work,

The Mach number at which a shock wave first appeared for
each series of runs is tabulated beloﬁ. The choking lhoh-numbsr,
where encountered, is also tabulated below. The Mach number at
a?pénrance of shock wave decreased with increasing angle of attack

and with incoreasing values of c/h with complete regularity, In
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comparing these results with those of Ref. 1, it must be noted that
Mach number determination in that investigation was not based on
free stream values exactly, since the pressure used wes in the posi-

tive pressure region of ths tunnel when a model was instelled.,

Table II
Chord A got M at eppearance M at choking
of shock
1“ . 1 ¥ g e - o
2 *,770 ==
3 *,760 e
E 2“ 1 .?85 was
: 2 « 765 ' oo
o «725 -
4" 5 .765 ' -
3 e 725 .
" 1 «738 - 770
2 o725 +765
3 705 o 765

“*When shock wave appearod from behind masing
on side walls.

The choking Mach number for the 8" airfoil es determined from
one-dimensional theory is .72.

There are several salient features to be noted in the schlieren
pictures. In spite of the results of other investigators, in parti-
cular those of Ref. 1, the shock wavew were here.found %o be straight
and devoid of triangulation at their base. The straightness of the
shcok wave is believed to be indicative of smooth flow. The humidity
throughout thb course of the 1nve§tigation was between 48% and 52%.

In general, however, partiocularly on the upper surface, thers was

only one shock wave apparent.
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Tisual observation of the shook WnYosrduring the coursse of
the invesatigation showed very llttle, 1f any oscillation of the
wave, elther at its base or et its extremity. Several time photo-
graphs were taken, using the incandescent b;Ib as light source.
These, however, showed no differences whatever over the spark pic-

tures, no zone of shock wave travel could be discerned.

The guality of the shock wave pictures indicates fhat no
loss in effectiveness results from injecting extra bends in the

light path of the schlieren system.
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CONCLUSIQHNS

The investigation showed the variation of wimd tunnel wall
effect with chord tc tunnel height ratio and with Mach number.,
It demonstrated thet 1if't coefficient ocontinues to increase with
Saeialng Wnsk maker after the shook wave is formed and that the

shock waves are in general straight and non-oscillatory.

1+ was also shown that the wall preassure method of measuring
11ft in a small two-dimensional tunnel should be confined to models

giving intermediate chord te tunnel height ratios.
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RECOMMENDATIONS

1. Some means of accurately setting the angle of attack of a model
should be developed for this tunnsl, employing a precision instru-

ment and optical ‘setting methods.

2. An extension of these results should be made, employing eirfoils

of the HACA 85,1 series with sectionsg of different thickness ratios.

3. The results of this investigetion should be applied to existing

theoretical wind tunnel wall effect correction methods to determine

whether agreement exists.

4, Future work in this wind tumnel should employ models of 2", 3",
4", and 5" chords, since they are best adapted to the wall pressure

method of measuring iif“t.

CONFIDENTIAL



1.

2,

CONFIDENTIAL

» 1.20 e

References snd Bibliography

Chambers, L. S.; Doll, R. E.; and Harrell, D. A.
"An Investigation of the Effects of Angle of Attack and
Airfoil Model Size on the Occurrence of Shock Waves in

a Two Dimensional ¥Wind Tunnel." C.I.T. Thesis 1944.

von Karman, Th; "Compressibility Effects in Aerodynamics.™

Journal Inst. Aer. Sc., July 1941.

Jacobs, E. N.; Abbott, I. H.; and Davidson, I,
"preliminary Low-Drag-Airfoil and Flap Data at Large
Reynolds Numbers and Low Turbulence.” NACA Advanced

Confidential Report, 1942,

Allen, H. J. end Vincenti, ¥W. CG., "Wall Interference in

a Two-Dimensional-Flow Tunnel with Consideration of the

_Effect of Compressibility.” NACA ARR 4KOS.

CONFIDENTIAL



View of tunnel from left side of
entrance section, looking aft.

View of tunnel from right side
of entrance section, looking aft.
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Right side of test section.
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